INTRODUCTION
Diborane is an unusual molecule with a bridging structure involving two three-center B-H-B bonds. ' With the thought that this structure could lead to unusual van der Waals and hydrogen bonded complexes, the diborane-HF dimer was studied previously. ' It was found to have a linear BB-HF equilibrium configuration with the H end of HF attracted symmetrically to one of the terminal BH, groups, in which the hydrogens are negative. In the present work, the diborane-HCl complex is studied. Although its equilibrium structure is basically linear like the HF counterpart, diborane-HCl undergoes tunneling which splits the rotational transitions of several of the isotropic species into two components.
The tunneling is a geared motion in which the HCl samples both terminal BH, groups of diborane. It is quenched when the two borons are not equivalent as in '"B"BH, and when DC1 is substituted for HCl. Large internal mobility of diborane-HCl is indicated by the centrifugal distortion constants and by the strong isotopic dependence of the tunneling splittings and of the centrifugal distortion.
Tunneling in hydrogen bonded and van der Waals dimers has long been of experimental and theoretical interest. Typically the tunneling involves light atoms like hydrogen in monomers such as the hydrogen halides, water, or ammonia, the structures of which are preserved in the motions of the dimers. Molecules like HF dimer3 and H,O dimer4 are prototypes in the understanding of these phenomena. Tunneling involving heavier atoms in the monomers has also been observed, e.g., in the SO, dimer.' A more recent example is the tunneling affecting all three monomers in the quasi-T-shaped trimer HCN-(C0,),.6
Some of the tunneling mechanisms have been found to be quite complex. An interesting case is the acetylene dimer which undergoes interconversion tunneling between four equivalent hydrogen bonded T-shaped configurations.7 The tunneling in N,-H, O (Ref. 8 ) is similar to that in diboraneHCl. In both cases it involves reorientational motions of the two monomers. The tunneling properties of diborane-HCl are presented in this paper. Also given are details of the rotational spectra for several isotopic species and the derivation from them of rotational constants, dimer geometry, and torsional motions of the monomers.
EXPERIMENT
Rotational spectra of the ground vibrational state were observed with a Balle-Flygare pulsed nozzle, Fourier transform microwave spectrometer. ' The diborane-HCl dimer forms during expansion from the supersonic nozzle of the carrier gas seeded with diborane and HCl. It is hit with pulses of microwave radiation as it crosses the Fabry-Perot cavity. When the microwave frequency corresponds to a transition frequency of the dimer, the dimer is polarized. The resulting free induction decay (FID) is digitized and Fourier transformed to obtain the spectrum. Spectrometer operation and averaging are now handled by a personal computer based system." Up to 16 FIDs can be recorded per gas pulse, which is repeated at a rate of up to 30 cps.
The gas mixture behind the 1.0 mm diam nozzle was adjusted with needle valves that set the flow rates of a 20% HCl or DC1 in He mixture, of a 10% diborane in He mixture, and of Ar which was used as the carrier gas. Signal was optimized when the HCl or DC1 and diborane were each approximately 1% of the final mixture. The pressure back-ing the nozzle was regulated at 1 atm. Diborane was purchased from Matheson Gas. DC1 was synthesized locally by adding D,O to benzoyl chloride.
The search for transitions of the diborane-HCl dimers was guided by our previous results for diborane-H/DF.* By in large the main surprises it produced were the tunneling splittings of 1 to 3 MHz associated with the tunneling and a large negative DJK centrifugal distortion. The large number of hyperfine interactions presented some problems however. The chlorine nuclear quadrupole coupling with a x0 of -67.619 and -53.294 MHz for free H3'C1 and H37C1, respectively," is larger by 20-fold or more than the others,* which include the boron quadrupole interactions and many small dipole-dipole interactions within the B,H, and that in HCl. The net result is that the hyperfine structure (hfs) caused by xaa (Cl) is resolved in the observed transitions while the other interactions serve mainly to broaden the chlorine hf components. Usually, the signals were readily detected in spite of the broadening. The strongest transitions of 1'B2H,-H35C1, the most abundant isotopic species, have hf components with a signal to noise ratio of about 10 for a single gas shot. The quadrupole interactions of the two borons are larger than the various dipole-dipole terms and produce some 'The K = 0 transitionswerefitted together foreachstateaswere the K = f 1. Thefrequenciesofthe K = -& 1 components were estimated. The line centers from the fits are included in Table V and theXUG's in Tables VIII  and IX for K = 0 and * 1, respectively. h Estimated, not included in the fit. discernible splittings. However, the K = 0 transitions are affected only byXO,, which is the smallest element in the boron tensor, and the splittings by it are visible in only a few of the low J, K = 0 chlorine hf components, and were not used in the fitting. The line broadening from the various smaller interactions increases the standard deviation of frequency measurements for the K = 0 components to about f 3 kHz. The K = + 1 components are split into broad and complicated patterns by the (xbb -xc= ) elements of the two borons, which we estimate to be 2-3 MHz in magnitude. The splittings spread over 400 kHz in the J = 1 + 2 transition and over 100 kHz in the J = 5 + 6 transition. No effort was made to assign the patterns, and line centers were simply estimated. This gives relatively large uncertainties of about f 50 kHz for the K = -& 1 frequencies.
RESULTS AND ANALYSIS
Transitions, hfs, and assignments
The two stable isotopes of boron are "B (20%, I = 3, Q= +0.074) and "B (80%, I=3/2, Q= t-0.036). So diborane has the three isotopic species "B' 'BH, (64%), " Bi'BH, (32%) , and "B'OBH, (4%). Chlorine has two isotopes, 35C1 (76%) and 37C1 (24%), both of which have nuclear spins of 3/2. Accordingly, there are many isotopic variants of the diborane-H/DC1 dimer. For simplicity we designate them in the text with an alphanumeric code based on the mass numbers of the isotopically substituted nuclei, e.g., '"B"BH, is 10,l l-D35 Of the species available we have observed and assigned transitions and chlorine hfs for eight: 11,l l-H35; lO,ll-H35; 1 l,lO-H35; lO,lO-H35; 11,l l-H37; 10,l l-H37; 11,l l-D35; and 10,l l-D35. The results are presented in Tables I-IV. Each isotopic species was observed to have a-dipole transitions characteristic of a prolate, very near symmetric top. The small values of -5 MHz found for (B-C) require that the heavy atoms be linear, or nearly SO.~ This is supported by the presence of two isomers with the mixed "B1'BH6 diborane, the 10,l l-H35 and 1 l,lO-H35 species which show that the HCI is located at one or the other of the terminal BH, groups.
For the homonuclear boron species with HCl ( 11,l l-H35; 11,l l-H37; and lO,lO-H35) all transitions were split into two sets of hf components (Tables I and II) with comparable intensity. The magnitudes of the splittings are only a few MHz and they vary depending on the rotational transition and isotopic species. No splittings were observed for the species that are heteronuclear with respect to the boron nuclei or for any dimer with DC1 regardless of the isotopic makeup of the borons.
Only the K = 0 and K = f 1 transitions were found for each species. Presumably higher K states are too high in energy to be populated in the molecular beam. In all of the diborane-HCl species, for each J-J + 1 both the K = -1 and K = + 1 transitions are higher in frequency than the K = 0 transition. Typically, for prolate, near symmetric tops, the K = 0 transition lies between the K = -1 and K = + 1 transitions. For the DC1 complexes, however, the K = 0 transitions do lie between the K = -1 and K = + 1 transitions. Assignment of the K states is based primarily on the chlorine hfs which differs greatly for K = 0 and K = + 1. It is confirmed by calculating the frequencies for K = 0 transitions at higher J from that for J = O+ 1 which is -28.
The most extensive measurements (J = 0-t 1 to 5 -6) were made for 11,l l-H35, the most abundant species. The hypertlne frequencies are given in Table I for both tunneling states, with the lower frequency line of each tunneling pair designed as the A, state and the higher as the A, state. Al-TABLE II. Observed and calculated frequencies ofthe chlorine hyperfme components for the K = 0, J = 3 -4 to 5 -6 rotational transitions of "B,H6H "'CI and "B,H,- Observed and calculated frequencies of the chlorine hyperfine components in the rotational transitions of '"B"BH,-HZ'CI and "B,H 'The K = 0 transitions were fitted together for each dimer as were the K = f 1. The frequencies of the K = 2 1 components were estimated. The line centers from the fits are included in Table VI and the xoO's in  Tables VII and IX for K = 0 and + 1, respectively. h Estimated, not included in the fit. though K = + 1 transitions were observed from J = 1 + 2 mate line centers. Also many lines are overlapped due to the to J= 5-6, only the J= 4+5 and J= 5+6 are reported.
splittings. The chlorine hf components for the low J,K = * 1 transiOnly K = 0 transitions were observed for 11,l l-H37 tions are too severely complicated by the boron hfs to estiand lO,lO-H35. The hfs of both the A, and A, states is re-TABLE IV. Observed and calculated frequencies of the chlorine hypertine components for the K = 0, J = 3-4 to 5-6 rotational transitions of "'B"BH,-H3'C1, ' 'B"'BH,-H""CI, and 'OB"BH~~D'sC~ "The line centers from the fits are included in Table VII and the xUU's in Table VIII. ported for J = 3 -+ 4 to 5 + 6 in Table II . More extensive observations, including K = f 1 transitions, were made for 10,l l-H35 and II,1 l-D35. The results are given in Table  III tions were observed for 10,l l-H37, 11, IO-H37, and 10,l l-D35. The frequencies of the hf components are given in TableIVforJ=3+4to5-+6.
Comparison of signal strengths revealed that the 10,l l-H35 species is about twice as strong as the ll,lO-H35. A similar observation was made between IO,1 I-HF and 11, lO-HF.2 The difference in the abundance of the two species is probably caused by the higher zero-point energy of the 11, IO-HCl species.
Analysis of hfs to obtain x8,&~ and line centers
The observed hfs given in Tables I-IV was fitted to determine the chlorine quadrupole interaction constants and the line centers for the transitions. The inertial axes and dimer geometry employed are given in Fig. 1 . The Hamiltonian used in the analysis consisted of rotational and chlorine 'The "observed" line centers are from the fits of the hfs in Table III . ' The residues are from separate fits for the K = 0 and K = + 1 states.
nuclear quadrupole interaction terms:
Spin-rotation interactions, the H/DC1 and intra-B,H, dipole interactions, the deuterium quadrupole interaction, and the xIID quadrupole elements for the two boron nuclei are small and were neglected. The (xbb -xcc ) interactions of the two borons were also ignored although they had considerable effect on K = +: 1 lines. The splittings by them were too complicated and not sufficiently resolved to attempt assignment.
One would expect the torsional oscillations of HCl and DC1 to be anisotropic so that the chlorine (xbb -xc= ) interaction is nonzero. However, the frequencies of the K = + 1 chlorine hyperfine components were not accurate enough because of congestion by the boron hfs for (xbb -xc, ) to be determined. Nevertheless, the anisotropy is small, < 1 MHz, compared with xaO so (xbb -xcc) was fixed at 0 for the chlorine in the fitting.
Thus the only hyperfine interaction considered was xna for chlorine. Matrix elements were calculated in the coupled basis set F = J + 1, where I = 3/2 for both chlorine isotopes. Matrix blocks of F were diagonalized to get hyperfine energies. The hfs was fitted for each species usingly,, and the line centers as adjustable parameters. The K = 0 hyperfine components were much more precisely determined, so they were fitted separately from the K = + 1. The residuals of the fits are included in Tables I-IV. The unperturbed line   TABLE VII . Observed line centers for rotational transitions of "B"BH6 H"C1, "B"'BH,-H"Cl, and '0B"BH,-D'5C1.8 'The "observed" line centers are from the fits of the hfs in Table IV. centers obtained from fitting the hfs are listed in Tables V-VII . The values determined for x0= (Cl) from the K = 0 hfs are given for all isotopic species and their tunneling states in Table VIII while those from K = f 1 hfs are given in Table  IX .
Determination of rotational constants
The K = 0 line centers were fitted to the equation for a distortable, nearly linear rotor:" Table VIII . For those species where only three line centers, J = 3 + 4 to 5 -+ 6, were determined, the fit is exact so residues and standard deviations are missing.
The K = + 1 transitions were fitted separately using the equation for a distortable, prolate, near-symmetric top:'* 
B and C were constrained so that their average equals z as determined from the K = 0 fit. The fits of the K = f 1 transitions were insensitive to A since (B -C) is small and A is large, predicted at about 70 GHz compared with 80 GHz found for free diborane. ' The residues of the fits are included in Tables V and VI. As can be seen, those for 11,l l-H35 and 10,l l-H35 are quite large, several hundred kHz, suggesting higher order distortion constants are necessary. The fitted values of (B -C), DJ, and DJK are given in Table IX .
The line centers identified with the A, and A, tunneling states were fitted separately, giving the rotational constants in Tables VIII and IX. In the case of 11,l l-H35 for which we have the most data, the quality of the fit is the same for both states and that for the K = 0 transitions is comparable with that for the diborane-HF dimer. This supports our assumption that the observed splittings do not involve transi- tions between two different tunneling states, but are due instead to slightly different rotational constants for the two tunneling states.
Dimer geometry Figure 1 gives the geometrical structure indicated for B,H,-HCl by the data obtained. It has a linear or near linear heavy atom backbone with the H end of the HCl closest to one of the terminal BH, groups. This is the same as the HF counterpart* and the evidence for it is similar. If we neglect the relatively small effects of torsional oscillations of the monomers, one finds with the parallel axis theoremI that Ibb and I,, of the linear dimer are given by
where g = 6, c, and IB (B,H,) and I( H/DCl) are the moments of inertia for the monomers, ,u~ is the reduced mass of the dimer treated as pseudodiatomic, and R is the center of mass (c.m. ) to c.m. separation of the monomers. Equation (4) was used to calculated R for 11,l l-H35 (A, ) and 11,l l-D35 using the experimental rotational constants in Tables VIII and IX and those reported for the monomers.'." If the H end of HCl is closest to the boron, substitution of D in it with no change in structure moves the DC1 c.m. 0.034 A closer to the boron (shortens R ) . But if the Cl is closest to the boron, D substitution lengthens R by the same amount. We find that R is 0.029 A shorter in 11,l l-D35 than in ll,ll-H35(A,), supporting the BB-H/DC1 orientation. The difference is a bit smaller than predicted, mainly because the torsional oscillations were neglected.
Evidence for the linearity of the dimer is also provided by Eq. (4) which predicts that for a linear dimer
This prediction is tested in Table X which lists the values of I,, I,, and (1, -Ib ) determined for ' 'B,H, and "Br 'BH, and for the four species of dimer for which values of both B and (B -C) were obtained. It is seen that (1, -I,, ) is virtually the same, 2.455 ,uL%', for both species of diborane as it should be. However, in the dimer (1, -Ib ) is visibly smaller, -1.75 PA'. In principle the decrease could be caused either by a bent equilibrium structure or by anisotropic bending oscillations of the diborane in a linear dimer. The methods employed in the following section show that a bent structure with the diborane rotated by -10" about its b axis will fit a value of 1.75 ,uud;' for (1, -I,, ) in the dimer. However, anisotropic oscillation of the diborane seems more likely.
Bending vibrations of HCI and B, HS
The bending vibrations of HCl and B,H, in the dimer are large enough to produce readily visible effects in spite of Tables VIII and IX. the unresolved hfs. In the case of HCl the observed chlorine quadrupole interactionx,, (Cl) can be used to determine the angle y between the HCl bond axis and the a axis. It is found from the relationI
where x0 (Cl) is the quadrupole coupling constant of free HCl and the brackets indicate an average over the bending vibrations. This assumes that the electrical properties of HCl are unperturbed by dimer formation. For a linear BB-HCl equilibrium geometry, y represents the average torsional angle of HCl. (l/2)(1 +~os~~).'~Thevalueof8canbeap-proximated by using the y determined from the chlorine hyperfine interaction in Eq. (6), giving Zb (H/DCl) = Z, (H/DCl) zZ,(H/DCl)(1/2)(1 +cos*y).
The bending vibrations of diborane can be described by two angles e,, and f3,, which are angular displacements of the B-B axis with respect to principal inertial axes fixed in the linear dimer (Fig. 1) . The bending is about the diborane c.m. with 19~ and t9, in the ab and UC planes, respectively, of the dimer. Matrix methodsI show that after such rotations the moments Z; of the diborane in the fixed coordinate system are given by I ;, = I, sin* 8, + Zb COS* eb, I: = I, sin' e, + I, COS* e,, (8) where I,, I*, and Z, are the principal moments of free diborane.
Equations (8) can be averaged over the torsional oscillations of the diborane and the results combined by means of the parallel axis theoremI with Eq. (7) Here, ( sin2 t9, ) and (cos* 0, ) are averages over the torsional oscillations. For a rigid, linear structure, Eq. (9) reduces to Eq. (5) for the difference in moments, (Z, -Zb ) (dimer) . Moreover it predicts that a rigid structure bent by 0, in the ac plane would have (I,, -Zbb ) (dimer) = Z, (B,H,)sin* 0, + z, ( B2H6) COS* e, -zb ( B2H6).
Application of this result to the values of (Z, -Zb ) (dimer) in Table X leads to a bend angle 8, of -10" as mentioned in the previous section. However, a bend in the ab plane will not fit the data. In the case of an oscillating B,H,, Eq. (9) gives
-zb ( B2H6) ( COS2 eb ) .
(11) From the values of Zg given for diborane in Table X , we note that the terms in Z, (B,H,) (sin* 0,) are small so the value of (Z,, -Zbb ) (dimer) is dominated in Eq. ( 11) by the terms in (cos' 0, ) . Moreover, 0, must be significantly larger than 8, to fit the finding in Table X that the observed (I,, -Zbb ) (dimer) is significantly smaller than (Z, -Zb ) (B,H,) .
If we take the value of y from x0. (HCl), Eq. (9) has three unknowns (8,, e,, and R) and only two observed quantities [ Zbb ,I,, (dimer) 1. Also, the values of (B -C) are not very precise, nor do we have very many of them (Table  IX) . The results found for both B and (B -C) are given in Tables VIII and IX The 11,l l-H35 dimer was taken as the parent with a c.m. to TABLE XI. Results of fitting 19, and R to the observed Band Cvalues' for both " b and "'B"BHbH3'C1 at fixed values of 0,. Tables VIII and IX. "The A, tunneling state was used in this fit. ' The R is that for 11,l l-H35.
c.m. distance R,, while that in 10,l l-H35 was defined as R, -Ai where hi is a correction calculated for the isotopic shift in the c.m. of "B"BH6 including the effects of its torsion. The fitting was done at fixed values of 8, with ee and R as adjustable parameters. The findings are given in Table XI for 8, ranging from 0" to lo", using the B and C for the A, state of 11,l l-H35.
comparable because of the shifts in cm. with isotopic substitution. Therefore, they have also been converted to the isotopically independent distance between the boron and the H of theHCl,r(B.**H).ForthefivedimerswithHCl,r(B**.H) varies by only 0.001 A. The results for 11,l l-D35 indicate that the deuterium substitution increases r(B. . *D) by 0.009 A.
interaction potential
It is seen that the rms deviation of the fit is smallest for 8, = 0" and increases parabolically for larger eb. Moreover, both 0, and R increase somewhat with 8,, the increase of R being quite small. At the minimum deviation, with 8, fixzd at o", the fitted values of 0, and R are 10.2" and 4.8222 A, respectively. Although 8, at 0" gives the best fit, it is unlikely that there is no torsion in the ab plane. The results should be interpreted as 0, being close to zero. Also, the values of B and C for 11,l l-D35 and of 3 for 10,l l-D35 can be solved for 8,, t!?,, and R, the results of which are 4.2", 9.31", and 4.8255 A, respectively (referenced to 11,l l-D35).
Information about the interaction potential forming the dimer can be derived from the DJ centrifugal distortion constant. We take the same approach as in the diborane-HF paper,* using a relationship between DJ and k, which takes into account the inertial properties of the subunitsi D, = 8~(y,R,,,)*[ (B2 + C*)* + 2(B4 + C4)]"*/fik,.
(13) We used this equation to estimate k, and then calculated the well depth E via the standard Lennard-Jones approach. The results are given in Table XIII . Structure information can also be obtained by fitting the experimental B which we have for all of the isotopic species (Table VIII) 
which can be combined with Eq. (9) to calculate B from 8, ,f3,, and R for the various species. As before, the 11,l l-H35 species was taken as the parent and isotopic shifts in c.m. were included in the fitting. This type of fit does not adequately constrain the relative values of B and C. So we held 19~ fixed at 0" as found in Table XI and adjusted only 0, and R.
This approach gave best-fit values of 9.4" and 4.8219 A for five of the species with HCl. The A, state was used for the tunneling species. The lO,lO-H35 species was excluded because its spectroscopic parameters differ markedly from those for the other species (Table VIII) and its inclusion increases the rms deviation substantially. The value found for 0, is somewhat smaller than that from B and C (9.4" vs 10.2") and is probably more accurate. The results for R of 11,l l-H35 are essentially identical.
Although the study of the diborane-HCl complex was undertaken as an extension of the diborane+HF work, it has turned out that the dimer with HCl is much different from its HF counterpart. Although both are linear in the equilibrium configuration, the potential surface of the HCl complex allows the monomers much more leeway to bend away from linearity. This is evident from the tunneling observed in the diborane-HCl complexes and from their large centrifugal distortion constants which are likely due to wide amplitude bending motions. Also the very large DJK constants in the HCl complexes imply that there is considerable distortion upon excitation from the K = 0 state to the K = + 1 states and that the potential minimum at the linear configuration is not very steep. The role of diborane in the tunneling is more readily apparent than that of the HCl. Splittings occur for all three B,H,-HCI dimers homonuclear in the boron but none were found in the heteroboron species (Tables V and VIII) . This shows that the tunneling interchanges the two ends of the diborane molecule. It cannot be simply an inversion of a bent form because that would also occur for the heteroboron dimers. The direction in which the B,H, rotates to interchange ends is evident in the marked anisotropy of its torsional oscillations. Clearly the B,H, reorients much more easily about its b axis than the c axis. This path must have a lower barrier as well as less inertial resistance. Tunneling reorientation of the B,H, is supported by the splittings given in Tables V and VIII The participation of HCl in the tunneling appears to be a case of all or nothing. Substitution of 37C1 for 35C1 in 11,l l-H35 reduces the splittings by only about 10%. On the other hand, substitution of D for H in the same dimer quenches the tunneling. No resolvable splittings were found in 11,l l-D35 (Table VI) . These results show that the HCl is an active participant in the tunneling, not a passive spectator. Reorientation of the HCl seems to be its most likely contribution to the tunneling. Substitution of 37C1 increases 1, of H35C1 by only 0.002 PA' from 1.615 (Ref. 11) but it decreases the splittings by 10%. However, substitution of D increases 1, to 3.126 ,&', nearly double that of H3?Z1. So it could well quench reorientation of the HCl and prevent the tunneling.
DISCUSSION
The effects of isotopic substitution on tunneling in B,H,-HCl lead us to suggest that there must be strong coupling of the HCl reorientation with that of B,H,. Otherwise D substitution could quench the HCl reorientation but have little effect on tunneling of the B,H,. The splittings would then be reduced but not necessarily eliminated. The answer may be a concerted, gear-like motion as shown schematically in Fig. 2 . Both monomers rotate about axes parallel to the b axis, in opposite directions, the HCl by 360" while the B,H, covers 180". The path shown is consistent with the Bc torsional oscillation of B,H, being so strongly favored over 8,. The 1:2 gear ratio stems from the axial symmetry of the HCl in combination with the electronic distribution and central square geometry of diborane in the ac plane.
Calculations for diborane have given" net charges of f 0.118 on the borons, + 0.011 on the bridge protons ( Nb ), and -0.065 on the terminal protons (H, ) . The equilibrium linear configuration of the dimer can be attributed to the net attraction of the positive H in HCl to the two negative H,'s in a terminal BH, group, as shown at the top of Fig. 2 . Also the potential surface probably has a secondary minimum at the T-shaped configuration in which the HCl is perpendicular to the BH,B bridge, with the negative Cl end attracted to the positive charges on the borons and Hb's. This configuration, the third in Fig. 2, is then like that found for the "hockey-stick" N,-H,O complex' N-N -. . H-O-H,,,, . The latter however has two pairs of separately interchangeable nuclei and four distinct frameworks. Both pairs of nuclei tunnel and there appears to be appreciable coupling between their motions because each of the two splittings observed can be reduced appreciably by isotopic monosubstitution of the other species. The B,H,-HCl differs in having only two distinct frameworks, with four pairs of simultaneously interchanged nuclei, and a tunneling path which couples the otherwise undetected reorientation of the HCl to that of the B,H,. If the motions of HCl were not strongly coupled to those of B,H, in the tunneling species, substitution of D for H would not suppress the tunneling in "B,H,-DCl.
If B,H,-HCl is linear, tunneling would not change the dipole moment of the dimer and transitions between tunneling states would not be allowed. Thereby each "floppy" tunneling state would have its own series of semirigid rotor transitions and rotational constants, as found. The tunneling splittings are not observed but several properties dependent on the nuclear spin statistics are affected by the tunneling, such as averaging the boron quadrupole interaction and partitioning its hfs between the A, and A, transitions. Analysis of such effects could enable one to assign more confidently the ground torsional state but it was discouraged by the complexity and incomplete resolution of the hfs. Near the beginning of the Results section we noted that corresponding transitions of the A, and A, states were of the same intensity. The relative intensities are governed by the ratio of symmetric and antisymmetric nuclear spin functions" for the complex, which is 528/496 and too close to unity to call.
There are some interesting systematics in the rotational constants for the different states and species. DJ is about twice as large ( 10 kHz) for the A, than for the A, tunneling state, and the sixth-order constant (H) is required to fit the transitions of the A, state but not of the A,. This leads us to suggest that the A, state is the ground vibrational state and A, the excited tunneling state. Moreover, centrifugal distortion of the lightest complex lO,lO-H35 is very large compared to the other two tunnelers. The three nontunneling HCl species have very similar DJ and H values, which are comparable with those of the A, states suggesting they undergo large amplitude torsions comparable to those of the tunneling species. The two DC1 species are considerably different, with both DJ and Hquite small. DJK for the tunneling and nontunneling HCl species is enormous and negative, -3.3 MHz, while for the DC1 case it is a tenth of that, although still negative.
HCl are also likely to be important. The HF is smaller and the H protrudes more sharply from the F, enabling it to fit more tightly with the terminal BH, group and making it harder for the B,H, to reorient. Support for this is found by analysis of (I, -Ib ) for B,H,-HF using Eq. ( 11) . An earlier analysis assumed the torsional oscillations of B,H, in the complex with HF to be isotropic,* giving 19~ ~0, = 13.5". However, the results in Table XI make this questionable. Taking eb to be zero in B,H,-HF we find 13, to be only 4.3 for this complex. Nonetheless the average torsional amphtude of HF is very close to that of HCl, 27" compared to 26.3". Although the tunneling path proposed for B,H,-HCl is most likely the simplest consistent with experiment, there are some variations that should be mentioned. They differ by assuming that the equilibrium configuration of the complex is bent by a small angle 6, in the ac plane. The tunneling then inverts the bend coincident with reorientation ofthe B,H, by ( 180-20,) ' . Also the HCl can take either the short road, inversion, or the long, reorientation by (360-20, )" counter to that of B,H,. Further work is needed to better map the tunneling path.
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